Diff erences in the properties of organic phosphorus (P) sources, particularly those that undergo treatment to reduce soluble P, can aff ect soil P solubility and P transport in surface runoff . Th is 2-yr fi eld study investigated soil P solubility and runoff P losses from two agricultural soils in the Mid-Atlantic region after land application of biosolids derived from diff erent waste water treatment processes and poultry litter. Phosphorus speciation in the biosolids and poultry litter diff ered due to treatment processes and signifi cantly altered soil P solubility and dissolved reactive P (DRP) and bioavailable P (FeO-P) concentrations in surface runoff . Runoff total P (TP) concentrations were closely related to sediment transport. Initial runoff DRP and FeO-P concentrations varied among the diff erent biosolids and poultry litter applied. Over time, as sediment transport declined and DRP concentrations became an increasingly important component of runoff FeO-P and TP, total runoff P was more strongly infl uenced by the type of biosolids applied. Th roughout the study, application of lime-stabilized biosolids and poultry litter increased concentrations of soil-soluble P, readily desorbable P, and soil P saturation, resulting in increased DRP and FeO-P concentrations in runoff . Land application of biosolids generated from waste water treatment processes that used amendments to reduce P solubility (e.g., FeCl 3 ) did not increase soil P saturation and reduced the potential for DRP and FeO-P transport in surface runoff . Th ese results illustrate the importance of waste water treatment plant process and determination of specifi c P source coeffi cients to account for diff erential P availability among organic P sources.
P hosphorus (P) plays a crucial role in the health of fresh water and estuarine ecosystems, behaving as the principal limiting nutrient in freshwater eutrophication (Correll, 1981; . Th ere is extensive evidence that soils with very high concentrations of P can be signifi cant sources of nonpoint P pollution of surface and shallow ground waters (Sharpley et al., 1994; Sims et al., 1998; Vadas et al., 2005) . One of the major causes of this problem in the USA and other parts of the world has been the long-term over-application of manures and other organic P sources, such as biosolids (sewage sludge) and composts (Coale, 2000; Mullins et al., 2005; Spargo et al., 2006) . Th e relatively low N/P ratio of these materials often results in a signifi cant over-application of P when they are applied to cropland at nitrogen (N)-based rates, which has been the standard agronomic practice for decades. With time, soil P builds to agronomically excessive levels, soil P sorption capacity becomes saturated, and runoff waters contain environmentally unacceptable concentrations of dissolved P and highly P-enriched eroded soil particles (Maguire et al., 2005) .
Managing biosolids to prevent nonpoint P pollution of surface waters is challenging. In the Mid-Atlantic region of the USA, rapid growth of urban and suburban populations within many watersheds has led to the production of greater volumes of municipal waste water biosolids. Due to the high costs of other utilization or disposal alternatives, such as incineration and landfi lling, there is increased interest in land application as a means to recycle the nutrients and organic matter in biosolids. For example, in Maryland, over 2 million wet Mg of biosolids are produced each year, 82% of which are applied to about 32,000 ha of agricultural land in the state (Maryland Department of the Environment, 2002) . Th is creates a dilemma for waste water treatment plants (WWTPs) and nutrient managers who must balance disposal/recycling needs with the potential for biosolids P to aff ect surface water quality.
Research conducted over the past 30 yr has consistently confi rmed that soil P buildup occurs when N-based biosolids management is practiced (Kelling et al., 1977; Kick, 1981; Peterson et al., 1994; Pierzynski, 1994; Maguire et al., 2000) .
In response to increasing concerns about the eff ects of agricultural P on water quality and the substantial body of research on the buildup of P in soils amended with organic by-products, a number of US states have established guidelines or passed laws that limit P applications to cropland Sims and Coale, 2002; Sharpley et al., 2003; Shober and Sims, 2003) . State nutrient management laws that specifi cally address agricultural P management have been passed in many states, including Maryland (1998) , Delaware (1999) , Virginia (1999), and Pennsylvania (2005) in the Mid-Atlantic region (Simpson, 1998; Sims et al., 2000; Sharpley et al., 2003) . Maryland's Water Quality Improvement Act is of particular interest to municipalities in the Mid-Atlantic states because it was the fi rst state law in this region to regulate land applications of biosolids P in the same manner as fertilizer and manure P. Should similar mandatory P-based management programs for biosolids be adopted in other jurisdictions, land application programs for biosolids would be severely constrained because of the large percentage of cropland that is currently considered "optimum" or "excessive" in soil-test P from an agronomic perspective Potash and Phosphate Institute, 2005) .
When considering P-based management of biosolids, it is important to remember that many factors aff ect the potential for P losses to water when biosolids are applied to cropland. Examples include the eff ects of WWTP process on P solubility in biosolids and biosolids-amended soils (Kyle and McClintock, 1995; Maguire et al., 2000; Maguire et al., 2001) , soil type (Lu and O'Connor, 2001; Penn and Sims, 2002; Shober and Sims, 2007) , the method of biosolids application (Deizman et al., 1989) , and the nature of the cropping system (e.g., conventional vs. no-tillage). Th e infl uence of the WWTP process is of particular interest because most research has shown that the addition of metal salts at the WWTP reduces soluble P losses by runoff (Penn and Sims, 2002; Agyin-Birikorang et al., 2008; Alleoni et al., 2008) and leaching (Jokinen, 1990; Elliott et al., 2002; Elliott et al., 2005; Agyin-Birikorang et al., 2008; Alleoni et al., 2008 ) compared with digested biosolids or those produced by biological nutrient removal systems. Th is suggests that municipalities may be able to mitigate the risk of P loss by modifying WWTP processes to decrease P solubility. However, much of this research has been conducted in laboratory or greenhouse studies (Jokinen, 1990; Kyle and McClintock, 1995; Li et al., 1997; Rydin and Ottabong, 1997; Sheperd and Withers, 2001; Penn and Sims, 2002; Siddique and Robinson, 2004; Elliott et al., 2005; Agyin-Birikorang et al., 2008; Alleoni et al., 2008) . Furthermore, although some fi eld studies have investigated P losses from biosolids-amended soils (Harris-Pierce et al., 1995; Vanden Bossche et al., 2000; Bundy et al., 2001; Withers et al., 2001) , none has directly evaluated the infl uence of WWTP processes on soil and runoff P. Consequently, we conducted a fi eld study comparing the eff ects of biosolids produced by diff erent WWTP processes and an animal manure commonly used in the Mid-Atlantic region (poultry litter) on soil P solubility and P losses in runoff . Th e broader goal of this project was to provide information that could be used to fairly incorporate the relative impact of diff erent organic P sources into regional risk assessment tools for nonpoint source P pollution of surface and ground waters Elliott et al., 2006; Shober and Sims, 2007) .
Materials and Methods
Field studies investigating the eff ects of biosolids and poultry litter on soil P and P losses in runoff were conducted at two locations: (i) the University of Delaware's (DE) experimental farm in Newark, Delaware, and (ii) the University of Maryland's (MD) Central Maryland Research and Education Center in Howard County, Maryland. Th e DE soil was a Matapeake silt loam (fi ne silty, mixed, mesic Typic Hapludults; 7% slope, 1.9% organic matter; pH 5.7), and the MD soil was a Chester silt loam (fi ne loamy, mixed, mesic Typic Hapludults; 8% slope, 3.8% oganic matter; pH 6.1).
Th e experimental design and treatments were identical at both locations. Th e following treatments were applied in a randomized, complete-block design with four replications: (i) control, no soil amendment; (ii) lime-stabilized biosolids from the Little Patuxent WWTP located in Howard County, Maryland (lime biosolids); (iii) biosolids from the Back River WWTP in Baltimore, Maryland, which uses FeCl 3 or other Fe salts to remove P from waste water (Fe biosolids); (iv) lime-stabilized biosolids from the Blue Plains WWTP in Washington, DC, which also uses FeCl 3 additions (Fe+lime biosolids); and (v) poultry litter obtained from a commercial broiler chicken production farm in Sussex County, Delaware. Th e three biosolids were collected from the loading facility at the WWTP to ensure that they were representative of materials typically applied to agricultural land. Th e materials were transported immediately to the DE and MD sites for application to the fi eld plots. All treatments were applied at a rate designed to provide 200 kg total P ha -1 based on preliminary analyses of bulk samples of the P sources by the USEPA 3050 acid-peroxide digestion method (USEPA, 1986a) . Th is represents the average P application rate when biosolids are applied at N-based rates (Stehouwer et al., 2000) . However, subsequent analyses of the biosolids and poultry litter samples collected during application by the more aggressive USEPA 3051 microwave-assisted acid digestion (USEPA, 1986b) showed that actual total P application rates were 301, 326, 312, and 284 kg P ha -1 for the lime biosolids, Fe biosolids, Fe+lime biosolids, and poultry litter, respectively. In addition to total P analysis, biosolids and poultry litter samples were analyzed for (i) pH (1:2 w/v in deionized water); (ii) solids content, determined gravimetrically by drying at 60°C; (iii) total Al, Fe, and Ca on dried, ground (0.8-mm stainless steel screen) biosolids by EPA 3051 digestion with concentrated HNO 3 and 30% H 2 O 2 ; (iv) water-soluble P (WS-P) (deionized water, 1:10 w:v); (v) extractable NH 4 -N, and NO 3 -N × (2 mol L -1 KCl, 1:10 w/v, determined colorimetrically); and (vi) total C and N by combustion in a LECO CNS analyzer. Sequential chemical fractionation of 1 g of each P source was performed by (i) NH 4 Cl (1:50 w:v in 1 mol L -1 NH 4 Cl), (ii) (Kuo, 1996) . Concentrations of all elements in the acid digests and water extracts were determined by inductively coupled plasma-atomic emission spectroscopy (ICP-AES).
Th e biosolids and poultry litter treatments were uniformly applied to the fi eld plots by hand and incorporated by disking to a depth of approximately 15 cm. Nitrogen fertilizer (200 kg N ha -1 as NH 4 NO 3 ) was applied to the control plots before disking; the biosolids and poultry litter provided adequate plant-available N for corn (Zea mays, L.) the fi rst year. Corn was planted immediately after treatment incorporation. Treatments were only applied in the initial year of the experiment to allow for evaluation of the residual eff ects of the initial application of biosolids and poultry litter on soil and runoff P in subsequent years. Application of biosolids at 2-to 3-yr intervals is a common practice in the Mid-Atlantic region. In subsequent years, no-tillage corn was grown at both locations, and all treatments received a fertilizer N application of 200 kg N ha -1 as NH 4 NO 3 . Corn was grown and harvested using standard agronomic practices.
Surface runoff was collected from 1.5 × 2 m runoff plots located in the center of larger fi eld plots (3 × 4 m at DE and 5 × 5 m at MD) to which the biosolids and poultry litter treatments were applied. Simulated rainfall was applied at a rate of 7.0 cm h -1 on the same dates at the MD and DE sites. Soils were prewet with a uniform measured volume of water, if necessary, to ensure suffi cient soil moisture to generate surface runoff during simulated rainfall. Rainfall simulation events were conducted at 1 d and 1, 6, 12, 13, 18, and 24 mo after treatment application. Th ese dates correspond to planting, the early growing season (before the crop canopy closes), and harvest over a 2-yr period. During these times, the soil is exposed to rainfall, and the risk of runoff is greatest. Two sequential runoff samples were collected at 15-min intervals from each plot over a period of 30 min. At each time interval (i.e., 0-15 min and 15-30 min after initiation of runoff ), the total runoff volume was weighed and sampled under a continuous vortex to ensure sample homogeneity. Attempts to simulate runoff 6 mo after treatment application immediately after the fi rst year's crop harvest failed due to extremely dry soil conditions and a heavy crop residue cover.
Immediately before each rainfall simulation event, soil samples were collected at depths of 0 to 5 and 0 to 15 cm from the plot area external and adjacent to the runoff frames and within the area receiving rainfall. Soil samples were air-dried, ground to pass a 2-mm screen, and analyzed for (i) soil-test P by Mehlich 3 extraction (M3-P; 1:10, soil:0.2 mol L -1 CH 3 COOH + 0.25 mol L -1 NH 4 NO 3 + 0.015 mol L -1 NH 4 F + 0.13 mol L -1 HNO 3 + 0.001 mol L -1 EDTA); (ii) water-soluble P (WS-P: 1:10, soil:deionized water; Pierzynski, 2000) ; and (iii) iron oxide strip P (FeO-P: 1:40, soil:0.01 mol L -1 CaCl 2 + Fe-oxidecoated fi lter paper strip; Chardon et al., 1996) . Water-soluble P and FeO-P concentrations were determined colorimetrically at 880 nm by the ascorbic acid method (Murphy and Riley, 1962) ; M3-P, Al, Fe, and Ca were determined by ICP-AES. Th e M3-P saturation ratio (M3-PSR) was then calculated as follows (values for P, Al, and Fe in mmol kg -1 ):
Runoff samples were prepared for analysis using the protocols of Pierzynski (2000) . Runoff was subsampled for the following analyses: (i) dissolved reactive P (DRP) (0.45-μm membrane fi ltration followed by acidifi cation to approximately pH 2.0 with HCl), (ii) FeO-P (non-acidifi ed, unfi ltered subsample + Feoxide-coated fi lter paper strip; Sharpley, 1993) , (iii) total P (TP); (iv) ammonium persulfate (American Public Health Association, 1995) (MD); or (v) microwave-assisted acid digestion (USEPA, 1986b) (DE) of acidifi ed, unfi ltered samples. For the MD samples, DRP, FeO-P, and TP concentrations were determined colorimetrically at 880 nm by the ascorbic acid method (Murphy and Riley, 1962) . For the DE samples, DRP was determined colorimetrically, but FeO-P and TP in runoff were determined by ICP-AES. Th e total quantity of runoff generated was determined by measurement of runoff mass in the fi eld. Total suspended sediments (TSS) were determined gravimetrically after fi ltration of a measured volume of runoff through a glass fi ber fi lter disk (American Public Health Association, 1995) (MD) or after evaporation of a measured volume of runoff (DE) .
Runoff volumes and concentrations of sediment and TP, FeO-P, and DRP from the 0-to 15-min and 15-to 30-min sample intervals were used to calculate fl ow-weighted runoff P concentrations as follows:
A factorial ANOVA was used to test the fi xed eff ect of the biosolids and poultry litter on the various forms of soil and runoff P for each runoff event and sampling interval across and between locations using SAS PROC MIXED (SAS Institute, 2002 
Results and Discussion

Properties of Biosolids and Poultry Litter
Th e biosolids and poultry litter used in this study were representative of those land applied in the Mid-Atlantic USA (Table 1) (Sims and Wolf, 1994; Evanylo, 1999; Stehouwer et al., 2000) . Th e two lime-stabilized biosolids (lime and Fe+lime) had considerably higher total Ca concentrations than the Fe biosolids and the poultry litter. Th e Fe biosolids and Fe+lime biosolids had the highest total Fe concentrations refl ecting the use of FeCl 3 (or other Fe salts) at these WWTPs. All organic P sources had similar total N concentrations (3.8-4.7%) and C/N ratios <10 and thus should be good sources of plant-available N for agronomic crops.
Sequential chemical fractionation revealed diff erences in P speciation among the organic P sources (Table 1) . For the lime biosolids, the Fe+lime biosolids, and poultry litter, between 40 and 68% of total extracted P was removed by NH 4 Cl and NH 4 -F, whereas most of the remainder (36-49%) was in the DCB and H 2 SO 4 fractions. In contrast, most of the P (73%) in the Fe biosolids was extracted by NaOH, and <1% was found in the most soluble fraction (NH 4 Cl-P). Shober et al. (2006) used XANES spectroscopy and the same chemical fractionation method with biosolids from the same WWTPs and suggested that NH 4 Cl extracts readily soluble P and P weakly bound to Al oxides, NH 4 F releases P from noncrystalline Al oxides, NaOH removes P from Fe (hydr)oxides and hydrolyzes organic P species, and DCB and H 2 SO 4 extract mainly Ca-P species. Our fractionation results suggest that the inorganic P in the lime biosolids, Fe+lime biosolids, and poultry litter is mainly readily soluble P and Ca-P, with some Fe-P found in the Fe+lime biosolids (11%). In the Fe biosolids, sparingly soluble Fe-P species predominate. Consistent with the fractionation results, WS-P concentrations in the organic P sources were lower in the Fe and Fe+lime biosolids than in the lime biosolids and poultry litter (Table 1) . Amounts of WS-P applied were 30, 5, 18, and 44 kg P ha -1 for lime biosolids, Fe biosolids, Fe+lime biosolids, and poultry litter, respectively. Past research has shown the solubility of P in biosolids (Shober and Sims, 2007; Huang et al., 2008) , biosolids-amended soils (Maguire et al., 2001) , and P losses by leaching (Elliott et al., 2002) and runoff (Penn and Sims, 2002; Elliott et al., 2005) were less for Fe-treated biosolids than for lime-stabilized biosolids and poultry litter. Based on the properties of the organic P sources, the predicted relative risk of dissolved P losses by surface runoff would be poultry litter > lime biosolids > Fe+lime biosolids > Fe biosolids (Table 1) .
Eff ects of Biosolids and Poultry Litter on Soil Phosphorus
We found signifi cant correlations (r > 0.80) for all soil P parameters measured in the study when comparing values measured at the 0-to 5-cm and 0-to 15-cm soil depths (data not shown). For example, the correlation between M3-P at the 0-to 5-cm and 0-to 15-cm depth was r = 0.88***. Values for all forms of soil P were consistently higher at 0 to 5 cm than at 0 to 15 cm. For example, mean values over all locations, dates, and P sources for M3-PSR and WS-P were 0.21 and 18 mg kg -1 at 0 to 5 cm, compared with 0.15 and 11 mg kg -1 at 0 to 15 cm, respectively. Statistical analyses of the eff ects of P source and location on soil P, M3-Al, M3-Fe, and M3-Ca determined that signifi cant interactions between source and location rarely occurred (10% of the 70 date-parameter combinations). When signifi cant interactions occurred, they were of little practical signifi cance in terms of variation in the eff ects of biosolids and poultry litter on soil P between locations. Th erefore, we focus our discussion on the main eff ects of P source on soil P at the 0-to 5-cm depth, given its greater relevance to P loss in runoff . Maguire et al. (2000) reported increased soil P and P saturation in soils receiving long-term biosolids amendment relative to unamended soils. Similarly, we found that all forms of soil P and soil P saturation (M3-PSR) were signifi cantly increased by the application of biosolids and poultry litter. Th ese increases persisted throughout the study (Table 2) . However, despite the fact that all organic P sources added approximately the same amount of total P (approximately 300 kg P ha -1 ), there were marked and statistically signifi cant diff erences in their eff ects on soil test P (M3-P), soil P saturation (M3-PSR), easily desorbable P (FeO-P), and WS-P. Th e sites used for this study had relatively high soil P concentrations before biosolids and poultry litter amendment (Table 2) , which may have infl uenced the magnitude of the treatment response. Given the prevalence of soils with optimum or excessive P concentrations in the Mid-Atlantic region (Coale, 2000) , the study sites were representative of agricultural soils available for biosolids application in this region; however, the observed treatment diff erences may be less evident in lower P soils. In general, the greatest increases in all forms of soil P were repeatedly associated with lime biosolids and poultry litter, likely due to the solubility of Ca-P minerals in the slightly acidic soils. In marked contrast, application of the Fe biosolids WS-P/TP, water-soluble phosphorus divided by total phosphorus. ‡ Molar ratio of total P to total (Al+Fe).
containing Fe-P species that are less soluble in acidic soils did not cause a signifi cant increase in any form of soil P relative to the unamended soil at any sample date (Table 2) . Th e Fe+lime biosolids, produced using Fe and lime additions, had an intermediate eff ect on soil P solubility because they contained both Ca-P and Fe-P. Th e trends we observed for treatment eff ects on soil P were in agreement with measured diff erences in relative P solubility (WS-P, WS-P:TP, P:[Al+Fe]; Table 1 ) and the forms of inorganic P likely to predominate in these materials (Table 1) (Shober et al., 2006) . Examination of the main eff ect of P source on changes in WS-P with time, adjusted to account for changes in P in the unamended control soils, illustrates relative soil P solubility over time and identifi es several trends of importance to P management for biosolids and poultry litter (Table 2; Fig. 1a) . At the fi rst sample date (1 d after application), lime biosolids and poultry litter increased WS-P relative to the unamended soil by 3.8 and 9.5 mg kg -1 , respectively (Table 2) . Th ese increases were likely due to the comparatively high amounts of WS-P added in these materials (Table 1 ) and the higher solubility of Ca-P solid phases in biosolids and litter particles collected with the initial soil samples. In comparison, the Fe+lime biosolids increased WS-P by 0.7 mg kg -1 , and Fe biosolids had 1.7 mg kg -1 lower WS-P than the unamended soil (Table 2) . Th e lower WS-P values refl ect the smaller amounts of WS-P added with these two biosolids and the lower solubility of the Fe-P solid phases present in any biosolids particles collected with the soil samples. For the remainder of the study, we observed three trends for the effects of P sources on soil P (Fig. 1a) . First, poultry litter WS-P increased throughout the remainder of the fi rst growing season and then gradually decreased until the fi nal sampling date. Th e lime biosolids followed essentially the same trend as poultry litter, except that maximum WS-P concentrations were measured in the spring of the second year. Th is trend refl ects the slow dissolution of Ca-P added in the lime biosolids and poultry litter during the fi rst year after application, which in turn increased M3-P, FeO-P, and WS-P (Table 2) . Th is increase in WS-P was followed by a gradual decline in the more soluble forms of P due to well known processes such as plant uptake, P sorption, and P losses in runoff . Second, unlike lime biosolids and poultry litter, the addition of Fe+lime biosolids had no signifi cant effects on WS-P in the fi rst year after application. Small, but not statistically signifi cant, increases (approximately 2-3 mg kg -1 ) were observed later in the study. Th ird, the most striking trend was that adding 326 kg P ha -1 with Fe biosolids never resulted in a statistically signifi cant increase in WS-P, M3-P, FeO-P, or M3-PSR, exemplifying the very low solubility of Fe-P in acid soils. Past research (Maguire et al., 2001; Leytem et al., 2004) has shown greater extractable soil P concentrations from soils amended with lime-stabilized biosolids and poultry litter relative to soils amended with Fe-treated biosolids. Th is eff ect on soil P solubility has been attributed to dissolution of Ca-P complexes after application of lime stabilized biosolids and poultry litter to acidic soils (Leytem et al., 2004) . A requirement of P-based nutrient management is the need to assess the potential risk of P loss from diff erent organic P sources Shober and Sims, 2003; Elliott et al., 2006; Elliott and O'Connor, 2007; Shober and Sims, 2007) . As is evident in the changes in soil P measured in this fi eld study, P speciation in biosolids aff ects the forms of soil P most susceptible to loss by runoff and leaching (Table 2; Fig.  1a) . Leytem et al. (2004) suggested that FeO-P would be a good soil test to assess the relative risk of P loss for diff ering organic P sources because FeO-P measures soluble P and easily desorbable P. Using the calculations of Leytem et al. (2004) , we determined the P extractability relative to poultry litter (RPE) in the biosolids-amended soils. A biosolids with an RPE value of 100% should have the same eff ect on FeO-P and potential for P loss as poultry litter. Th e calculated RPE averaged 130, 62, and -5% for lime, Fe+lime, and Fe biosolids, respectively (Fig. 1b) . Th ese diff erences in RPE suggest, assuming the soil loss by erosion is similar, that the relative risk of P loss for these three biosolids is greater than poultry litter for lime biosolids, less than poultry litter for Fe+lime biosolids, and negligible for Fe biosolids.
Eff ects of Biosolids and Poultry Litter on Phosphorus Concentrations in Runoff
For all runoff events, we observed higher runoff P concentrations during the fi rst 15 min of runoff . For all forms of P measured, signifi cant linear relationships between the 0-to 15-min and 15-to 30-min sampling intervals [(TP 15-30 min = 0.70(TP 0-15min ) + 0.11, r 2 = 0.91***; FeO-P 15-30 min = 0.78(FeO-P 0-15min ) + 0.03, r 2 = 0.92***; DRP 15-30 min = 0.73(DRP 0-15min ) + 0.03, r 2 = 0.97***)] indicated that P concentrations decreased uniformly by about 20 to 30% after the fi rst 15 min of runoff . Because of the signifi cant relationships between all forms of P in the two sampling intervals, we only present treatment eff ects on runoff P concentration for the 0-to 15-min sample collection interval, representing the initial fl ush of P release.
No signifi cant diff erences in runoff TP concentration were noted for two of the six rainfalls event-sample interval combinations ( Fig. 2A) . When signifi cant diff erences occurred, they closely paralleled diff erences in runoff TSS (Fig. 2B) . For example, during Event 2, runoff TP was signifi cantly higher for the control than for the Fe+lime and Fe biosolids treatments. An identical trend was observed with TSS. Examination of TSS and TP results shows that a signifi cant increase in TP for a given P source was paralleled by a trend, if not a signifi cant increase, in TSS. We found highly signifi cant linear relationships between fl ow-weighted TP and TSS concentrations in runoff , although the nature of these relationships varied slightly between locations (MD: TP = 2.36(TSS) + 0.55, r 2 = 0.94***; DE: TP = 1.79(TSS) + 0.07 r 2 = 0.93***), refl ecting the fi ner soil texture and higher soil P concentrations at the MD site (data not shown).
Bioavailable P (FeO-P) concentrations in runoff were aff ected more by the organic P sources than were TP concentrations, and trends paralleled those observed for soil P ( Fig. 3A; Table 2 ). Although the statistical signifi cance of the treatment eff ects we observed varied somewhat between rainfall simulation events, a clear trend for the eff ect of P source on runoff FeO-P was apparent and consistent throughout the 2-yr study (Fig. 3A) . In general, the highest FeO-P concentrations were generated from the lime biosolids, and the lowest concentrations were generated from the Fe biosolids and control treatments. As with soil FeO-P (Table 2) , runoff FeO-P concentrations from the Fe biosolids-amended soils were never signifi cantly diff erent from the unamended control soil, despite the high rate of total P application with this biosolid material (Table 1) . Th e Fe+lime biosolids generated runoff with FeO-P concentrations intermediate between the lime and the Fe biosolids throughout the study. In the fi rst two rainfall events, runoff from the poultry litter-amended soils had high FeO-P concentrations, similar to those for the lime biosolids, but subsequently declined to levels similar to Fe+lime biosolids (Fig. 3A , Events 3-6). Over the six rainfall events, mean (SD) values for fl ow-weighted FeO-P concentrations were 0. 43 (0.20), 0.62 (0.24), 0.42 (0.16), 0.53 (0.21) , and 0.54 (0.21) mg L -1 for control, lime, Fe, Fe+lime, and poultry litter, respectively. Previous research found comparable responses to the eff ect of the WWTP process on runoff FeO-P concentrations from runoff boxes (Penn and Sims, 2002; Agyin-Birikorang et al., 2008) . Both studies describe higher FeO-P concentrations in runoff from non-Fe-treated biosolids and no signifi cant increase in FeO-P relative to control soils from soils amended with Fe-treated biosolids. Th e runoff FeO-P data concur with soil FeO-P data (Table 2 ) and the relative risk of P transport indicated by the calculated soil RPE discussed previously. It is clear that WWTP processes that infl uence soil desorbable P and RPE also infl uence the transport of bioavailable P from amended soils.
Dissolved reactive P concentrations in runoff exhibited similar trends as soil WS-P ( Fig. 3B ; Table 2 ) and runoff FeO-P and followed the predictions based on soil RPE in fi ve of the six rainfall events. Th e exception (discussed below) was a very diff erent trend observed for runoff DRP in Event 5. Furthermore, in the spring of the second year (Event 3), although no additional P was added to any plot, runoff DRP concentrations increased for all treatments, exemplifi ed by a 123% increase in runoff DRP for the unamended control between Events 2 and 3 (Fig. 3B) . Th is suggests that a diff erent equilibrium between soil and runoff P had been established as soil-crop management practices shifted from conventional to no-tillage corn production. Previous studies have similarly reported signifi cant tillage eff ects on P concentrations in runoff (Deizman et al., 1989; Little et al., 2005) . However, the eff ect of organic P source properties on runoff DRP remained similar to observations of soil WS-P, runoff FeO-P, and the predictions of the risk for P loss based on RPE.
As with runoff FeO-P, the statistical signifi cance of the diff erences among P sources on DRP concentrations in runoff varied between rainfall events (Fig. 3B) . Nevertheless, a similar trend was observed for the eff ect of P source on runoff DRP in that soils amended with Fe biosolids never produced runoff DRP concentrations that were signifi cantly diff erent from the control due to the insolubility of the biosolids' Fe-P minerals. Th is is in agreement with the results of runoff box studies that report higher dissolved P concentrations (DRP or total dissolved P) in runoff from soils amended with biosolids receiving no metal treatment and no signifi cant diff erences in runoff dissolved P from Fe-treated biosolids relative to unamended control soils (Penn and Sims, 2002; Elliott et al., 2005; Agyin-Birikorang et al., 2008; Alleoni et al., 2008) . In general, the non-Fe treatments (lime biosolids and poultry litter) resulted in the highest runoff DRP concentrations, although the magnitude of each changed over time. Initially (i.e., Events 1 and 2), the highest runoff DRP concentrations were observed from soils amended with poultry litter, but concentrations decreased over time to become similar to the Fe+lime biosolids (Fig. 3B ). Soils amended with lime biosolids produced steadily increasing runoff DRP concentrations, exceeding all other P sources during Events 3, 4, and 6 (Fig.  3B) . Th is parallels the trend in soil WS-P (Table 2) because dissolution of Ca-P species likely provided a pool of soluble soil P that was readily transported by surface runoff . Concentrations of DRP in runoff from Fe+lime biosolids-amended soils generally appeared intermediate between the runoff DRP concentrations generated from the lime biosolids and Fe biosolids treatments. A very diff erent pattern for the eff ects of P sources on DRP concentrations in runoff was observed in the fall of the second year (Fig. 3B, Event 5 ). Runoff DRP concentrations were considerably higher than in past events, and no signifi cant diff erences were noted among the P sources. One and a half years after biosolids and poultry litter application, factors other than the properties of the P sources appeared to be infl uencing runoff DRP concentrations. Event 5 was conducted immediately after corn grain harvest, and >90% of the soil surface was covered with fresh crop residues. Ginting et al. (1998) suggested that WS-P released directly from corn residue can be an important source of DRP for transport in runoff . It is reasonable to conclude that in our study, crop residues contributed DRP to surface runoff as rainfall impacted and fi ltered through the corn stover that covered the soil surface. During the fi nal runoff event conducted the following spring, runoff concentrations were similar to those observed the previous year (Fig.  3B , Event 3 and Event 6), suggesting that the properties of the organic P sources were dominant in determining runoff DRP.
Conclusions
Th e results of this fi eld study underscore the need to account for diff erences in P solubility among organic P sources when implementing management strategies to reduce the risk of P transport from agricultural lands. Studies conducted in laboratory incubations (Leytem et al., 2004) and packed runoff boxes with incorporated (Penn and Sims, 2002; Agyin-Birikorang et al., 2008) or surface-applied biosolids (Elliott et al., 2005; Agyin-Birikorang et al., 2008) have similarly concluded that diff erential P source availability must be incorporated in tools designed to assess the risk for P transport in surface runoff after land application of organic nutrient sources (Elliott and O'Connor, 2007) . Th is study confi rms this on a fi eld scale. Th e demonstrated diff erences in soil P solubility and soil P speciation after application of biosolids produced by diff erent WWTP processes and poultry litter clearly infl uenced runoff P losses from amended soils. Although sediment losses in runoff were closely related to runoff TP concentrations through the transport of particulate-bound P, the properties of the biosolids and poultry litter treatments aff ected the concentrations of runoff soluble P (DRP) and bioavailable P (FeO-P) throughout the 2-yr course of this study. Th e infl uence of WWTP process on runoff P was most evident in the second year after a return to no-till management and a concomitant reduction in sediment losses.
Th e risk of P transport after land application of biosolids is variable and dependent on the WWTP process that generated the biosolids. Failure to account for diff erences in P availability due to WWTP process may result in an incorrect assessment of the risk of runoff P transport from biosolids-amended soils. Th e long-term eff ects of biosolids incorporation on runoff P transport observed during this study indicate that P source coeffi cients must account for the diff erences in the properties of treated biosolids and their eff ect on soil P saturation and solubility. Th ese coeffi cients should be incorporated as an important part of regional P risk assessment tools and the P Site Index. Th is will allow for eff ective management of organic P source application to protect water quality without unnecessarily restricting the benefi cial use of municipal waste water biosolids.
